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ABSTRACT 
The slake durability index (ASTM D4644-08) measures the response of rock 
fragments to submerged tumbling action. This test was modified to eliminate oven 
drying, extend test-increment duration, and increase the number of test increments to 
better reflect conditions in rock-bed stream channels. The results are expressed as a 
linear dimension taken to represent equivalent scour depth and normalized cumulative 
power taken to represent equivalent stream power. Sample loss during the first test 
increment is dominated by rounding of fragment edges and comers; hence, it is 
disregarded. Subsequent test increments display a linear trend, the slope of which is 
defined as the 'geotechnical scour number ' . The geotechnical scour number of thinly 
bedded siltstone is similar to an 'empirical scour number' calculated from measured 
scour and cumulative stream power for the same location. Scour numbers for other 
rock types were consistent with observed channel behavior suggesting that the 
modified slake durability test may be valuable for predicting scour at bridge sites. 
INTRODUCTION 
Scour of earth materials characterized by cohesion, cementation, or induration 
is cumulative and progressive, unlike cohesionless, granular soils which respond 
rapidly to peak hydraulic loading. Procedures for evaluating scour of sand-bed 
channels (e.g., Richardson and Davis, 2001) have been available for some time, but 
procedures for rock-bed channels are being developed by the authors of this paper 
through National Cooperative Highway Research Program Project No. 24-29. 
Four modes of rock scour exist: 1) dissolution of soluble rocks, 2) cavitation, 
3) quarrying and plucking of durable blocky rocks, and 4) grain-scale wear of 
erodible rocks. The rock-scour mode addressed in this paper is the gradual, but 
progressive grain-scale wear of erodible rock material. The example presented in this 
paper pertains to the Sacramento River at Redding, Shasta County, California, USA. 
The purpose of this paper is to describe modifications to a standard test 
procedure (the slake durability index) and its applicability to rock scour. The first 
application of the slake durability test to rock scour was done in Oregon by 
Dickenson and Baillie (1999) . These researchers modified the standard procedure and 
produced an abrasion number to describe the response of the rocks to the submerged 
tumbling action. We were impressed by their modifications and applied them in our 
own research. Dickenson and Baillie (1999) used stream power to represent hydraulic 
loading. We also use stream power because it combines all hydraulic parameters and 
can be accumulated meaningfully. The importance of stream power became clear to 
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us during analysis of stream gage data, which led us to an 'empirical scour number' . 
This concept prompted us to express modified slake durability test results In 
equivalent stream power terms, which led us to a 'geotechnical scour number ' . 
SLAKE DURABILITY TEST 
The slake durability index (ASTM D4644-08) is defined as "the percentage by 
dry mass of a collection of shale pieces retained on a 2.00 mm (No. 10) sieve after 
two cycles of oven drying and 10 minutes of soaking in water with a standard 
tumbling and abrasion action. " The standard test calls for 10 roughly equidimensional 
fragments and a total specimen weight between 450 and 550 grams. The standard 
tumbling action is accomplished in a drum that rotates at 20 revolutions per minute. 
The standard drum is 100 rom long and 140 mm in diameter with sides composed of 
the 2-rom mesh. The lower approximately 40% of the drum is submerged in a water 
reservoir; the axis of rotation is approximately 15 mm above the water surface. 
A slake durability index of 5.3 was determined for siltstone from the 
Sacramento River at Redding, California, using the ASTM D4644 procedure. This 
index value indicates that 94.7% of the sample passed through the No. 10 sieve mesh 
after oven drying and two 10-minute cycles of submerged tumbling. 
ABRASION NUMBER 
Dickenson and Baillie (1999) determined that conventional slake durability 
results were unrepresentative of conditions in western Oregon streambeds underlain 
by degradable rock formations because the channel bottoms were never completely 
dry. They eliminated oven drying and extended test cycles to 30 minutes for the first 
2 hours, and 60 minutes for the next 7 hours. Dickenson and Baillie (1999) 
determined sample weights using the ' saturated surface dry' procedure (ASTM C127) 
and disregarded the first few readings because of comer and edge rounding. They 
defined the slope of percent loss versus natural log cumulative time as an ' abrasion 
number' and correlated the abrasion number with observed channel degradation and 
cumulative stream power from stream gage data to develop a predictive relation. Two 
samples of siltstone were evaluated using these procedures as shown on Figure 1. The 
average abrasion number is 17.9 for the two samples shown on Figure lb. 
SCOUR NUMBER 
Empirical scour number 
Relatively long-term scour can be determined from repeated cross sections. 
California Department of Transportation provided data for the Market Street Bridge 
(State Route 273) over the Sacramento River at Redding. These data indicated about 
1.52 m (5 ft) of pier scour occurred on the upstream side of the bridge over a 33.8-yr 
period. Daily flow series from a nearby gage (USGS Gage 11370500 at Keswick) 
were used to calculate a cumulative stream power of 3.37e+5 W /m2 (23 ,100 ft-
Ib/s/ft2) during the same 33.8-yr period. We define the empirical scour number as the 
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Figure L Slake durability results using the modification of Dickenson and Baillie 
(1999) for two samples of thinly bedded siltstone from the Sacramento River at 
Redding, Shasta County, California, USA. a. Arithmetic plot; b. Semi-log plot. 
measured scour depth divided by stream power accumulated over the same period. 
An empirical scour number of 4.53e-6 m/W /m2 (0.000217 ft/ft-lb/s/ft2) was calculated 
for the Market Street Bridge. 
Geotechnical scour number 
We further modified the slake durability test to consist of 60-minute 
increments for 9 hours and expressed the results as equivalent scour depth and 
equivalent stream power. The results must be normalized to an initial weight to 
permit direct comparison of energy dissipation demonstrated by different samples; we 
used an initial weight of 500 grams, which is the midpoint of the total sample weight 
range in ASTM D4644. Equivalent scour depth was calculated by dividing the weight 
loss during a test increment by the unit weight of the rock material determined by 
ASTM Procedure C127 for concrete aggregate to produce a loss volume, which was 
normalized by unit area to give a linear dimension taken to be equivalent scour depth. 
Equivalent power was calculated by multiplying the average sample weight 
during the test increment times equivalent distance traveled during the test increment, 
dividing the product by cycle duration in seconds, and normalizing the result by the 
area of the bottom 118 (45°) of the test drum. The equivalent distance traveled is the 
circumference of the drum times the rate of rotation times the duration of the test 
increment. The normalizing area is arbitrary, but corresponds to the area of residence 
of the sample fragments during the test. Average sample weight times distance 
traveled is energy (l N-m = 1 1); energy per unit of time is energy dissipation or 
accumulation, which is power (1 Jls = 1 W). Power per unit area matches the units of 
conventional stream power calculated as the product of hydraulic shear stress (N/m 2 
or Ib/ft2) and flow velocity (mls or ft/s), for example 1 N-mls/m2 = 1 W /m 2. 
The results of the modified slake durability test on the siltstone from the 
Market Street Bridge are plotted on Figure 2. The data plotted on Figure 1 represent 
the same tests on siltstone, but the 3D-minute increment data were not used on 
Figure 2. The initial data points have the highest equivalent scour depth and 
equivalent stream power because sample fragments are being rounded and the sample 
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Figure 2. Modified slake durability results for two samples of thinly bedded 
siltstone from the Sacramento River at Redding, Shasta County, California, 
USA. Regression line slope on Figure 2b is the geotechnical scour number. 
Dashed line on Figure 2b is the empirical scour number. 
weight is the largest at any point during the test. The slope of equivalent scour depth 
versus equivalent stream power is defined as the 'geotechnical scour number' . The 
siltstone data from Figure I produced a geotechnical scour number of 3.96e-6 
rn/W/m2 (0.00019 filft-Ib/s/ft2). The empirical scour number (4.53e-06 rn/W/m2) is 
nearly within the 95% confidence interval of the regression, as shown on Figure 2b. 
Geotechnical scour numbers for claystone, limestone, blocky siltstone, and 
sandstone were measured using the same procedure (Figure 3). The results were 
consistent with observed channel behavior suggesting that the modified slake 
durability test may be valuable for bridge scour evaluations . The geotechnical scour 
numbers in this paper were calculated for sedimentary rock types. We believe that the 
geotechnical scour number may represent a basic characteristic of earth materials that 
are cemented or indurated; it also may be a useful characteristic of cohesive soils. 
DISCUSSION AND CONCLUSIONS 
The oven drying component of the slake durability test induces rapid slaking 
in susceptible materials that is umepresentative of most rock-bed channel conditions; 
therefore, it is sensible to eliminate oven drying from the ASTM D4644 procedure. 
The abrasion numbers of the two samples shown on Figure I b are nearly identical and 
represent the time-rate of material loss in response to the standard tumbling action of 
the slake durability test. 
The slake durability test involves a standard drum rotating at 20 rpm. This 
combination of drum dimensions and rate of rotation produces an equivalent sample 
velocity of 0.147 m/s (0.481 fils) . We considered plotting abrasion number as a 
function of equivalent sample velocity. We realized that modifying the rate of 
rotation of the slake durability drum would be needed to produce several equivalent 
velocities against which to evaluate sample response. We also realized that the 
equivalent energy was a function of the sample size, and that energy dissipated during 
test increments as the sample size diminished. Since we were representing hydraulic 
loading in terms of cumulative stream power, it was logical to represent the results of 
the modified slake durability test in equivalent stream-power terms. 
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Figure 3. Modified slake durability results for four rock types from five 
locations. Claystone from San Juan County, Utah; thinly bedded siltstone from 
Shasta County, California (Siltstone 1 and 2; also in Figure 2); blocky siltstone 
from Polk County, Oregon; limestone from Jackson County, Florida; sandstone 
from San Juan County, Utah (Sandstone 1 and 2); sandstone from Montgomery 
County, New York. Dashed lines represent scour numbers in mlWlm2• 
Geotechnical scour numbers are not correlatable with the headcut erodibility 
index (NRCS, 2001) or the erodibility index method (Annandale, 2006). Geotechnical 
scour numbers are rates of rock material wear as a function of energy dissipation 
expressed as equivalent stream power accumulated over a period of time. The two 
index methods use threshold values to compare properties of earth materials (soil and 
rock) to peak discharge expressed as stream power. The threshold approach also is 
used by Richardson and Davis (200 I) for evaluating scour of sand-bed channels at 
bridge openings. Threshold approaches imply that scour does not occur at all at flow 
conditions less than the threshold and that scour holes develop rapidly after the 
threshold is reached or exceeded. Peak velocity is used as the threshold hydraulic 
parameter for sand-bed channels (Richardson and Davis, 200 I), whereas peak stream 
power is used as the threshold hydraulic parameter for rock-bed channels (NRCS, 
200 I; Annandale, 2006). Furthermore, the headcut erodibility index is not suited for 
channels without overfalls (NRCS, 2001 , p. 32). 
The erodibility index method uses stream power for turbulent flow in the near-
bed region (Annandale, 2006, p. 121 -141) rather than conventional stream power as 
the product of hydraulic shear stress and flow velocity. Available stream power with 
depth into a scour hole is calculated on the basis of the maximum possible scour 
depth using earth material with negligible scour resistance and the procedures 
described in Richardson and Davis (2001) to estimate the maximum possible scour 
depth (Annandale, 2006, p. 256-257). The erodibility index method predicts the depth 
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of scour as the depth at which the available stream power decreasing into the scour 
hole equals the equivalent resisting stream power of the earth material of the channel 
with the understanding that the ultimate scour hole can develop during a single 
discharge event if the threshold stream power is exceeded. Similarly, no scour occurs 
if the threshold stream power is not exceeded. The erodibility index value of the 
siltstone from the Sacramento River at Redding, CA, represented in Figures I and 2 is 
0.1555 resulting in a threshold stream power of 0.2476 kW/m2. The calculated 
applied stream power is 0.1989 kW/m2 Thus, no scour would be predicted by the 
erodibility index method even though 1.52 m (5 ft) of pier scour was measured over a 
period of33.8 years. 
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